Scaled experimental models show that the presence of a viscous layer, such as salt, facilitates the development of extensional forced folds above active normal faults. The geometries of the extensional forced folds and their associated secondary fault patterns depend on the thickness and viscosity of the viscous layer, the thickness of the cover sequence, the strength and ductility of the cover sequence, and the magnitude and rate of displacement on the underlying master normal fault. Increasing the thickness of the viscous layer and the cohesive strength and ductility of the overburden enhances the decoupling between the deep and shallow deformation. Alternatively, increasing the viscosity of the viscous layer, the thickness of the overburden, and the magnitude and rate of displacement on the master normal fault reduces the decoupling between the deep and shallow deformation. Enhanced decoupling facilitates the formation of broad extensional forced folds and the development of detached secondary faults both near and far from the master normal faults. The model-predicted deformation patterns closely resemble those observed in the Gulf of Suez, the Haltenbanken area of offshore Norway, and the Jeanne d'Arc Basin of the Grand Banks, offshore southeastern Canada.
INTRODUCTION
along the eastern and western margins of the Rhine graben (Laubscher, 1982; Maurin, 1995) , within the Suez rift (Brown, 1980; Colleta et al., 1988) , and throughout the Haltenbanken area of offshore Norway (Withjack et al., 1989 (Withjack et al., , 1990 . In these three regions, the presence of subsurface evaporites facilitated the development of extensional forced folds by partially decoupling the shallow, folded strata from the deep, faulted strata and basement (Laubscher, 1982; Withjack et al., 1989 Withjack et al., , 1990 Maurin, 1995) .
Hydrocarbons are commonly trapped within the shallow secondary structures associated with extensional forced folding and within the underlying fault blocks (Figure 1 ). Precisely locating these structural traps and identifying the small-scale structures within them, however, can be difficult. Typically, the evaporitic packages associated with many extensional forced folds have densities or velocities that differ significantly from those of the adjacent strata, obscuring or distorting the seismic image. Also, the structural geometries of many extensional forced folds vary considerably with depth, making seismic interpretation difficult. A better understanding of the deformation patterns associated with extensional forced folding can provide geoscientists with guidelines for interpreting field, well, and seismic data. Specifically, this information can aid exploration and production efforts in extensional provinces with salt, including the North Sea, offshore Norway, the Gulf of Suez, offshore eastern Canada, and the Gulf of Mexico.
We have used scaled experimental models to study the deformation patterns in the cover sequence above an active master normal fault. In our models, silicone polymer represented a salt layer that deformed primarily by viscous flow. Dry sand or wet clay simulated the sedimentary cover that deformed primarily by cataclastic faulting. Previous workers also have studied extensional forced folding using scaled physical models. Singlelayer models composed of either sand or clay (e.g., Vendeville, 1987; Withjack et al., 1990) and twolayer, sand/putty models (Vendeville, 1987) showed that the dip of the master normal fault influenced the deformation patterns associated with extensional forced folding. Multilayer, sand/putty models (e.g., Koyi et al., 1993; Nalpas and Brun, 1993; Vendeville et al., 1995; Higgins and Harris, 1997) suggested that other factors (e.g., the thickness of the viscous layer and overburden, the deformation rate, and the orientation of the master normal fault relative to the extension direction) also affected the deformation patterns associated with extensional forced folding. We have supplemented this work by systematically investigating how five variables (i.e., the thickness of the viscous layer, the thickness of the cover sequence, the strength/ductility of the cover sequence, the magnitude of fault displacement, and the rate of fault displacement) influenced the deformation patterns associated with extensional forced folding. Our sensitivity analysis included a standard model and 11 alternate models, each with a single-parameter variation (Table 1 ).
The following sections describe the experimental materials and procedure; review our modeling results and compare them with those from previous studies; and discuss how the models compare with actual examples of extensional forced folds from the Gulf of Suez, offshore Norway, and the Grand Banks of eastern Canada.
EXPERIMENTAL APPROACH

Modeling Materials and Procedure
The modeling apparatus had a horizontal metal base, 33 cm wide and 61 cm long (Figure 2a) . A layer of homogeneous silicone polymer, representing an evaporitic package, covered the entire metal base. The silicone polymer (Rhodorsil gomme) was a bouncing putty with a density of about 1150 kg/m 3 and a viscosity of about 10 4 Pa s (Weijermars, 1986; S. Dixon, 1996, personal communication) .
An upper layer of either homogeneous dry sand or very wet clay, representing the sedimentary overburden, covered the putty layer. Colored (but mechanically identical) sublayers within the upper layer of sand or clay were used as marker horizons to identify faults and folds. The dry sand in our models was composed of quartz grains with diameters of less than 0.5 mm. Its density was about 1600 kg/m 3 . It had a negligible cohesion and a coefficient of internal friction of about 0.6 (e.g., Richard and Krantz, 1991; Nalpas and Brun, 1993; Vendeville et al., 1995) . Localized cataclastic faulting (e.g., Rutter, 1986) was the primary deformation style in the dry sand, even when strains were small. Thus, the dry sand had a negligible ductility
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Faulting Beneath a Salt Layer as defined by Rutter (1986) . The wet clay in our models was composed predominantly of water (∼40% by weight) and kaolinite. Its density was about 1600 kg/m 3 . Recent analyses of the wet clay (Sims, 1993; Fugro-McClelland, Inc., 1992, personal communication; S. Dixon, 1996, personal communication) showed that it had a low cohesion (∼50 Pa) and a coefficient of internal friction of about 0.5. Distributed cataclasis (e.g., Rutter, 1986) was the primary deformation style in the wet clay when strains were small. With increasing strain, however, deformation became localized and cataclastic faulting was the primary deformation style. Thus, the wet clay had a greater ductility than that of the dry sand.
During the experiments, a constant downward movement on a precut surface, dipping 45°, within the metal base simulated displacement on a master normal fault (Figure 2 ). In response, the putty layer flowed and the overlying layer of dry sand or wet clay faulted and folded. We filled in subsiding areas with either sand or clay at regular intervals to simulate deposition during deformation. These growth layers initially had a flat upper surface. Also, we photographed the top surface of the models at regular intervals to document surface deformation through time. After each experiment, we vertically sliced the model, creating serial cross sections. The cross sections were photographed to record the final deformation state throughout the model.
Sensitivity Analysis
To determine the sensitivity of the modeling results, we systematically varied the modeling parameters relative to a standard model (Table 1) . In the standard model, the cover sequence consisted of dry sand, initially 3 cm thick. The initial thickness of the putty layer was 1 cm, the final displacement on the master normal fault was 1.41 cm, and the displacement rate on the master normal fault was 8.2 × 10 -6 cm/s (0.03 cm/hr). In the alternate models, the initial thickness of the cover sequence ranged from 1 to 3 cm, the original thickness of the putty layer ranged from 0 to 2 cm, and the displacement on the master normal fault ranged from 0 to 5.66 cm. The displacement rate on the master normal faults in the alternate models ranged from 8.2 × 10 -6 to 3.9 × 10 -4 cm/s (0.03-1.41 cm/hr). In several of the alternate models, the cover sequence was composed of wet clay rather than dry sand.
Scaling
The cohesion and coefficient of internal friction of the dry sand and wet clay were appropriate to ensure dynamic similarity between the models and the natural prototypes (see Appendix). The sand and clay, however, simulated different types of rocks. The dry sand, with its negligible cohesion and ductility, represented rock that deformed primarily by localized cataclastic faulting. The wet clay, with its greater cohesion and ductility, represented rock that deformed by both distributed cataclasis and localized cataclastic faulting.
The displacement rate on the master normal fault in the models ranged from about 8.2 × 10 -6 to 3.9 × 10 -4 cm/s (Table 1) . These values for the displacement rate were selected to ensure dynamic similarity between the models and the natural prototypes (see Appendix). Models with low displacement rates simulated natural conditions where the value of P, the product of the fault displacement rate in nature and the viscosity of the evaporitic layer, was low. Models with high displacement rates simulated natural conditions where the value of P was high. Each model with its specified displacement rate represented a suite of natural conditions where P had the same value. For example, assuming that l* = 4 × 10 -5 (i.e., 1 cm in the models represented 250 m in nature), our standard model simulated natural conditions where P = 2.2 × 10 8 Pa cm. Consequently, the standard model represented natural conditions where the fault displacement rate was 2.2 × 10 -10 cm/s and the evaporitic layer had a viscosity of 10 18 Pa s. It also represented natural conditions where the fault displacement rate was 2.2 × 10 -9 cm/s and the evaporitic layer had a viscosity of 10 17 Pa s, or where the fault displacement rate was 2.2 × 10 -8 cm/s and the evaporitic layer had a viscosity of 10 16 Pa s.
RESULTS
Standard Model
Cross sections through the standard model show that the putty layer thinned significantly near the footwall cutoff and thickened slightly near the hanging-wall cutoff of the master normal fault (Figure 3a) . A monocline, about 8 cm wide, formed in the cover sequence above the master normal fault. The pregrowth marker beds were folded, dipping gently (<5°). The growth beds were also folded, thinning toward the footwall of the master normal fault. A detached graben developed in the cover sequence near the footwall hinge of the monocline where bed curvature was greatest (Figure 3a , c). The detached graben was asymmetric with the main bounding fault dipping in the same direction as the master normal fault. The detached graben spanned the length of the model and had a relatively constant width along strike (Figure 3b ). Although the detached graben and master normal fault were offset from each other, they were subparallel. This detached graben accommodated most of the lengthening associated with the horizontal component of displacement (i.e., heave) on the master normal fault. All of the above modeling results were reproducible (i.e., duplicate versions of the standard models had identical structural geometries).
Displacement
Increasing the displacement on the master normal fault enhanced the existing structural geometries and created new structures (Figure 4) . In model 2 with 2.83 cm of displacement on the master normal fault (Table 1) , the folded beds dipped more steeply than did those in the standard model. The detached graben was wider than the one in the standard model and was dissected by numerous minor normal faults (Figure 4b) . Also, the putty layer was significantly thinner near the footwall cutoff and thicker near the hanging-wall cutoff of the master normal fault than in the standard model (Figure 4a, c) . A detached horst developed in the cover sequence in model 2 near the hanging-wall hinge of the monocline (Figure 4a, c) .
Putty Thickness
Changing the putty thickness strongly affected the decoupling between the deep and shallow structures ( Figure 5 ). In model 3 without a putty layer (Table 1) , no monocline developed in the cover sequence. Instead, a graben formed directly above the master normal fault (Figure 5a, c) . The larger graben-bounding fault linked directly with the master normal fault. The smaller bounding fault emanated from the edge of the hanging-wall block. In model 4 with a 2-cm-thick putty layer (Table 1) , deformation was widely distributed (Figure 5b, d) . A broad monocline developed in the cover sequence above the master normal fault. No detached graben formed near the footwall hinge of the monocline. Instead, a detached graben formed near the hanging-wall edge of the putty layer, more than 16 cm from the master normal fault. This distal, detached graben accommodated most of the lengthening associated with the horizontal component of displacement on the master normal fault. The location of this distal, detached graben was related to the model boundary conditions (i.e., the edge of the putty layer). If model 4 (and its putty layer) had been wider, then this detached graben may have formed even farther from the master normal fault.
Overburden Thickness
Decreasing the overburden thickness accentuated the decoupling between the deep and shallow structures ( Figure 6 ). In model 5 with a 1-cm-thick overburden (Table 1) , a narrow monocline developed above the master normal fault (Figure 6a) . A detached graben formed locally near the footwall hinge of the monocline (Figure 6d) . A second, longer detached graben formed near the footwall edge of the putty layer, more than 16 cm from the master normal fault. As discussed previously, the location of this detached graben was related to the model boundary conditions (i.e., the edge of the putty layer). If model 5 (and its putty layer) had been wider, then this detached graben may have formed even farther from the master normal fault. In model 6, an aggradation model where the overburden thickness increased from 1 to 3 cm through time (Table  1) , deformation patterns more closely resembled those of the standard model. A monocline developed above the master normal fault, and detached normal faults developed near the footwall hinge of the monocline (Figure 6b, c) faults produced a footwall graben similar to that in the standard model ( Figure 6c ). The polarity of the main graben-bounding fault, however, changed along strike ( Figure 6e ). Near the center of model 6, the main detached fault dipped in the opposite direction as the master normal fault ( Figure 6b ). As in the standard model, the detached normal faults in models 5 and 6 accommodated most of the lengthening associated with the horizontal component of displacement on the master normal fault.
Displacement Rate
We varied the displacement rate on the master normal faults in models 7, 8, and 9. These models also differed from the standard model in that the silicone putty had a slightly lower viscosity and the total fault displacement was significantly larger, 5.66 cm ( Table 1) . As discussed previously and in the Appendix, the models with low displacement rates simulated geologic conditions where fault displacement rates in nature were low or the evaporitic layer had a low viscosity (i.e., P was low). The models with high displacement rates simulated geologic conditions where fault displacement rates in nature were high or the evaporitic layer had a high viscosity (i.e., P was high). Comparisons of models 7, 8, and 9 show that the fault displacement rate in the models strongly affects the distribution of deformation within the cover sequence (Figures 7c, 8, 9c, 10c ). In model 7 with the low displacement rate, deformation was broadly distributed. During the early stages of the experiment, a very wide monocline developed above the master normal fault. Soon after, a detached graben formed near the hangingwall edge of the putty layer ( Figure 7a ). Initially, this distal, hanging-wall graben accommodated most of the lengthening associated with the horizontal component of displacement on the master normal fault. Eventually, it became inactive, and a new detached graben developed near the footwall edge of the putty layer ( Figure 7b ). Now, this distal footwall graben accommodated most of the lengthening associated with the horizontal component of displacement on the master normal fault. As discussed previously, the location of these distal detached grabens was related to the model boundary conditions. If model 7 (and its putty layer) had been wider, then these distal detached grabens may have formed even farther from the master normal fault. Faults also developed in model 7 ( Figure 7 ) directly above the master normal fault. This faulting included a normal fault (N1) that dipped in the same direction as the master normal fault, and a curved fault (NR1) that had normal displacement at depth and reverse displacement near the upper surface of the model. These faults, together with the monoclinal folding, accommodated the relief In model 8 ( Figure 9 ) with the high displacement rate, most deformation occurred near the master normal fault. Initially, a monocline developed above the master normal fault (Figure 9a ). Soon after, a detached graben formed near the footwall hinge of the monocline. The main graben-bounding fault (N1) was stationary relative to the footwall block of the master normal fault. The other graben-bounding fault (N2) moved laterally as the detached graben widened. Eventually, N2 became inactive, and a similar normal fault (N3) replaced it ( Figure 9b ). As the experiment progressed, curved faults (NR1 and NR2), similar to those in model 7, formed above the master normal fault. The detached graben continued to widen, causing N3 to move laterally and NR1 and NR2 to move down the surface of the master normal fault. Eventually, they became inactive, and new faults (N4, NR3, and NR4) replaced them (Figures 9c, 8b) .
In model 9 (Figure 10 ) with the very high displacement rate, most deformation occurred directly above the master normal fault. Unlike models 7 and 8, little monoclinal folding occurred during the early stages of model 9. Instead, a graben formed directly above the master normal fault (Figure 10a ). The main graben-bounding fault (N1) linked with the master normal fault. The other graben-bounding fault (N2) moved down the surface of the master normal fault. Eventually, N2 became inactive, and a similar normal fault (N3) replaced it (Figure 10b ). This process repeated itself during the model, creating a suite of transient antithetic normal faults in the hanging wall of the master normal fault (Figures 10c, 8c ).
Cohesive Strength and Ductility of Overburden
In models 10, 11, and 12, the overburden was composed of wet clay rather than dry sand (Table 1) . As discussed previously, the wet clay had a greater cohesion and ductility than the dry sand and, thus, simulated a more cohesive overburden that deformed by both distributed cataclasis and localized cataclastic faulting. In model 10 with no putty layer, a narrow monocline developed above the master normal fault (Figure 11a, c) . Numerous, minor synthetic and antithetic normal faults propagated upward from the surface of the master normal fault into the monocline. In model 11 with a 1-cm-thick putty layer, a broad monocline developed above the master normal fault ( Figure  11b ). A few, very minor normal faults cut the cover sequence near the hinges of the monocline. Apparently, undetectable, small-scale deformation within the clay layer accommodated most of the lengthening associated with the horizontal component of displacement on the master normal. Comparisons of the deformation patterns in clay models 10 and 11 show that the presence of a viscous layer significantly decreases the coupling between the deep and shallow deformation, even when the overburden has a greater cohesion and ductility. a c b The deformation patterns in clay models 10 and 11 differed considerably from those of similar sand models. The modeling parameters for clay model 10 and sand model 3 were identical, except for overburden composition (Table 1) . A monocline developed in the clay model, whereas no folding occurred in the sand model. Numerous synthetic and antithetic normal faults formed in the clay model, whereas a simple, asymmetric graben developed in the sand model. Deformation patterns in clay model 11 also differed from those of similar sand models (e.g., the standard model). A few, minor normal faults formed in the cover sequence in the clay/putty model, whereas major normal faults developed in the cover sequence in all of the sand/putty models. These comparisons between the clay and sand models suggest that the cohesive strength and ductility of the overburden strongly influence the style and distribution of deformation in the cover sequence above a master normal fault.
The modeling parameters for clay model 12 and sand model 9 were identical, except for overburden composition (Table 1) . During the early stages of model 12, a monocline formed above the master normal fault. As the experiment progressed, the folded beds steepened, and numerous blind normal faults cut the attenuated monoclinal limb ( Figure  12a) . A detached normal fault zone (N1) formed above the footwall of the master normal fault ( Figure  12a ). With increasing displacement on the master normal fault, the folded beds in the monocline steepened. The older normal faults that cut the monoclinal limb became inactive, and new normal faults replaced them (Figures 12b, c; 13b ). Additional detached normal fault zones developed above the footwall of the master normal fault (e.g., N2, N4) (Figures 12b, c;  13a ). Deformation patterns in clay model 12 differed significantly from those in sand model 9 (Figure 10 ). Deformation was more distributed and folding was more important in the clay model than in the sand model. The coupling between the deep and shallow deformation was much greater in the sand model than in the clay model.
DISCUSSION
Summary of Modeling Results
Our work shows that the presence of a viscous layer, such as salt, facilitates the development of extensional forced folds above active normal faults. The geometries of the extensional forced folds and their associated fault patterns depend on the thickness and viscosity of the viscous layer, the thickness of the cover sequence, the cohesive strength and ductility of the cover sequence, and the magnitude and rate of displacement on the master normal fault (Figure 14) .
Our work suggests that, with no viscous layer, most deformation in the cover sequence occurs directly above the master normal fault. With a viscous layer, the secondary deformation in the cover sequence is more widely distributed. Typically, a monocline forms above the master normal fault. The width of the monocline increases as (1) the thickness of the viscous layer increases and (2) the displacement rate of the master normal fault or the viscosity of the viscous layer decreases. Our work also indicates that, with a viscous layer, secondary normal faults commonly form in the cover sequence both near and far from the master normal fault. These secondary faults detach within the viscous layer and accommodate much of the lengthening associated with the horizontal component of displacement on the master normal fault. The lateral offset between the detached secondary normal faults and the master normal fault increases as (1) the thickness of the viscous layer or the cohesive strength/ductility of the cover sequence increases and (2) the thickness of the cover sequence, the displacement rate of the master normal fault, or the viscosity of the viscous layer decreases. The coupling or linkage between the master normal fault and the secondary structures increases as the displacement on the master normal fault increases. Typically, a monocline forms in the cover sequence during the early stages of movement on the master normal fault. As the displacement on the master normal fault increases, the viscous layer thins near the edge of the footwall block, and the detached, secondary normal faults within the cover sequence begin to link with the master normal fault through the attenuated viscous layer. Also, more secondary faults develop within the cover sequence as the displacement on the master normal fault increases.
Previous Work
Previous workers have also studied upwardpropagating normal faults and extensional forced folds using experimental models. Horsfield (1977) , Tsuneishi (1978) , Vendeville (1987 Vendeville ( , 1988 , and Withjack et al. (1990) conducted a series of singlelayer models with dry sand or wet clay. Vendeville (1987 Vendeville ( , 1988 ) ran a series of two-layer models with dry sand and silicone polymer. In these single-layer and two-layer models, the authors varied the dip of the master normal fault from 45 to 90°and observed deformation patterns through time. More recently, Vendeville et al. (1995) published the results of three additional two-layer sand/putty models. These models differed significantly from each other with variations in the putty thickness, the overburden thickness, the final displacement on the master normal fault, and the fault displacement rate. Nalpas and Brun (1993) and Vendeville et al. (1995) used three-layer models to investigate salt tectonics during basement-involved extension. These models had a lower sand layer, a middle layer of silicone polymer, and an upper sand layer. During the modeling, localized horizontal extension at the base of the models created two or more high-angle normal faults in the lower sand layer. In response, the overlying putty layer flowed and the upper sand layer experienced folding and faulting. Direct comparisons of the results of these published models with those from our models are difficult because of significant differences in the modeling parameters and procedures. Generally, however, the published deformation patterns are similar to our deformation patterns when the modeling parameters are similar. To facilitate these comparisons, we calculated the values of two parameters for our models and for several published models: (1) the product of the fault-displacement rate in the models and the viscosity of the putty layer (i.e., d rm • µ m ) and (2) the ratio of overburden thickness to putty layer thickness. The results of the different modeling studies were remarkably consistent when these parameters were similar (Figure 15 ). Generally, if the ratio of overburden thickness to putty-layer thickness was low and the value of d rm • µ m was low, then deformation in the cover sequence was broadly distributed and decoupling was more complete. A very wide monocline developed above the underlying master normal fault, and detached normal faults and diapirs formed both near and far from the master normal fault. If the ratio of overburden thickness to puttylayer thickness was high and the value of d rm • µ m was high, then deformation in the cover sequence was focused near the master normal fault and coupling was more complete. A monocline developed above and detached normal faults formed near the underlying master normal fault. These conclusions, based on Figure 15 , agree with observations by Koyi et al. (1993) , Petersen (1993a, 1993b) , Nalpas and Brun (1993) , and Vendeville et al. (1995) .
Exploration and Production Implications
In many extensional provinces with salt (e.g., the North Sea, offshore Norway, offshore eastern Canada, the Gulf of Suez), hydrocarbons are trapped within the shallow, secondary structures associated with extensional forced folding and within the underlying fault blocks (Figure 1 ). Our modeling results provide the following guidelines for identifying and defining these suprasalt and subsalt structural traps.
(1) Movement on a subsalt normal fault generally produces a monocline (i.e., an extensional forced fold) within the cover sequence above the salt. The width of the monocline can vary considerably, depending on the thickness of the cover sequence, the salt thickness and viscosity, and the displacement rate on the subsalt normal fault (Figure 14) . Numerous small-scale faults (normal and reverse) may cut and significantly attenuate the limb of the monocline.
(2) Growth beds associated with extensional forced folding dip and thicken away from the active subsalt normal fault.
(3) The thickness of the salt layer changes near the subsalt normal fault. It thins near the footwall cutoff and thickens near the hanging-wall cutoff.
(4) With increasing displacement on the subsalt normal fault, secondary normal faults form within the cover sequence. These detached, suprasalt normal faults accommodate most of the lengthening associated with the horizontal component of displacement (i.e., the heave) of the subsalt normal fault.
(5) The suprasalt normal faults rarely connect with the subsalt normal fault. They are more likely to link with the subsalt normal fault if the salt is very thin and highly viscous, the displacement on the subsalt normal fault is large, or the displacement rate on the subsalt normal fault is high.
(6) The width of the zone of suprasalt normal faulting can vary considerably (Figure 14) . Suprasalt normal faults are more likely to develop several kilometers away from the subsalt normal fault if the cover sequence is thin, the salt is thick and has a low viscosity, or the displacement rate on the subsalt normal fault is low. All evaporitic packages, such as the putty layer in our models, have depositional or structural edges. Suprasalt normal faults are more likely to form at these edges if the width of the zone of suprasalt normal faulting is large or the subsalt normal fault is near the edges of the evaporitic package.
The modeling results also have implications for cross section balancing in extensional provinces with salt. Cross sections through extensional forced folds balance if all of the deformation in the cover sequence is included (Figure 16a, b) . Unfortunately, it is not always possible to include all of this deformation. Cross sections based on seismic profiles of limited lateral extent (e.g., typical three-dimensional seismic lines) might not include the distal deformation in the cover sequence. Also, the small-scale deformation within the cover sequence might be overlooked because it is below seismic resolution. Cross sections that omit some of the deformation in the cover sequence do not balance (Figure 16c and d) . These cross sections, however, might appear to balance using salt evacuation, rather than extensional forced folding, as the deformation template (Figure 16e ). Although extensional forced folds and salt-evacuation structures have similar structural geometries, they have very different structural histories. With extensional forced folding, the subsalt normal faults form late, after salt deposition. With salt-evacuation structures, the subsalt normal faults form early, during salt deposition.
APPLICATIONS
Our model-derived deformation patterns resemble those observed in the Gulf of Suez, the Haltenbanken area of offshore Norway, and the Jeanne d'Arc Basin of offshore Newfoundland, Canada. These similarities suggest that the modeling results might apply to many extensional forced folds. The modeling results, however, have limitations: (1) the dry sand, wet clay, and silicone polymer in the models were homogeneous, (2) only a single master normal fault existed in the models and it was planar, (3) only a single, constant-thickness viscous layer existed in the models, and (4) no other processes (i.e., fault-block rotation, footwall uplift, differential compaction) influenced fold development. Thus, the modeling results must be used cautiously when they are applied to geologic examples where the cover sequence has pronounced preexisting inhomogeneities; multiple master normal faults exist or the master normal faults are listric; multiple salt layers exist or the salt layer has flowed prior to subsalt faulting; or if tilting, footwall uplift, or compaction have significantly influenced fold development.
Gulf of Suez
Continental rifting began in the Suez area during the latest Oligocene-earliest Miocene and culminated during the latest Early Miocene (e.g., Robson, 1971; Garfunkel and Bartov, 1977; Patton et al., 1994; Schütz, 1994) . As rifting waned during the middle and late Miocene, evaporitic deposition occurred within the subsiding Suez rift basin. The Tortonian South Gharib Formation, the primary evaporitic package in the Suez area, consists of massive halite interbedded with anhydrite and shale (Moustafa, 1975; Brown, 1980; Schütz, 1994) . The thickness of the South Gharib Formation varies significantly, locally exceeding 2 km in salt diapirs in the central and southern Suez rift basin (Moustafa, 1975; Schütz, 1994) . The South Gharib Formation is underlain and overlain by evaporitic packages, the Belayim and Zeit formations, respectively, each composed of interbedded anhydrite, salt, and shale.
The extensional forced folds within the Suez rift have a variety of deformational styles. Deformation within the Paleozoic, Mesozoic, and Cenozoic strata below the South Gharib Formation is localized either within fault zones or narrow extensional forced folds (Robson, 1971; Garfunkel and Bartov, 1977; Robson, 1979, 1981; Brown, 1980; Patton, 1984; Schamel, 1987, 1989; Withjack et al., 1990; Patton et al., 1994) . Deformation within the Miocene and younger strata above the South Gharib Formation is more distributed (Brown, 1980; Colleta et al., 1988) . At some locations, this distributed deformation includes monoclines above the subsalt normal faults and detached, suprasalt normal faults near the footwall hinges of the monoclines (Figure 17a, b) . At other locations, the distributed deformation includes very broad monoclines above subsalt normal faults and distal, detached, suprasalt normal faults, tens of kilometers from the subsalt normal faults (Figure 17c,   d ). At these latter locations, it is likely that geologic conditions were favorable for decoupling and distributed deformation (Figure 14) . The South Gharib Formation was thick and, with its predominantly halite composition, probably had a low viscosity. The overburden above the South Gharib Formation was thin, and fault-displacement rates were low as rifting waned during the late Miocene and Pliocene.
Haltenbanken Area, Offshore Norway
Several extensional events affected the Haltenbanken area from the late Paleozoic to the early Cenozoic (e.g., Bukovics and Ziegler, 1985; Blystad et al., 1995) . Rifting occurred during the late Early Permian or Early to Middle Triassic. Widespread subsidence and deposition of evaporites, coals, and clastic sediments followed this early extensional episode. The Upper Triassic evaporitic package consists of at least two layers of rock salt separated by clastic sedimentary rocks. Seismic and limited well data suggest that locally the layers of rock salt and intervening clastic sedimentary rocks are each several hundred meters thick (Jacobsen and van Veen, 1984; M. Ingebrigtsen, 1997, personal communication) . The Upper Triassic-Jurassic overburden above the evaporitic package is about 2-2.5 km thick. Rifting resumed during the late Middle Jurassic and continued into the Early Cretaceous (Neocomian). Little deposition occurred in the Haltenbanken area during this Early Cretaceous extensional episode. Additional rifting occurred during the Late Cretaceous and during the latest Cretaceous and Paleocene. The latter extensional episode directly preceded continental breakup in the North Atlantic Ocean. Most extensional forced folding in the Haltenbanken area occurred during the late Middle JurassicEarly Cretaceous extensional episode. During this event, normal faults formed within the basement and Permian and Triassic strata below the salt. Simultaneously, broad extensional forced folds developed in the Upper Triassic-Jurassic strata above the salt. Apparently, the Upper Triassic evaporitic package partially decoupled the deep and shallow deformation (Withjack et al., 1989 (Withjack et al., , 1990 (Figure 18 ). Deformation below the Upper Triassic evaporitic package is localized within fault zones, whereas deformation above the evaporitic package is distributed in zones that are up to 10 km wide. This distributed deformation includes broad monoclines above subsalt normal faults, and detached, suprasalt normal faults and grabens near the footwall hinges of the monoclines (e.g., the Mikkel structure, Figure 18b ). The normal faults that bound the grabens converge near the top of the Upper Triassic evaporitic package.
Jeanne d'Arc Basin, Grand Banks, Offshore Southeastern Canada
The Grand Banks area has had a complex Mesozoic extensional history. Most workers agree that the first rifting episode began by the Late Triassic and continued into the Early Jurassic (e.g., Tankard and Welsink, 1987; Sinclair, 1993; Driscoll et al., 1995; Sinclair, 1995a, b) . Based on seismic data from the southern Jeanne d'Arc Basin, we interpret that this first rifting episode probably continued into the early Middle Jurassic. Recent work (e.g., Sinclair, 1993; Driscoll et al., 1995; Sinclair, 1995a, b) indicates that a second rifting episode began during the late Late Jurassic and continued, perhaps intermittently, throughout the Early Cretaceous until continental breakup. Rift basins in the Grand Banks area, including the Jeanne d'Arc Basin, contain thick packages of evaporitic sedimentary rocks. Evaporitic deposition began during the Late Triassic and peaked during the early Early Jurassic with widespread deposition of halite (i.e., the Argo Formation) (Holser et al., 1988) . The Upper Triassic and Lower Jurassic evaporitic section consists of halite beds intercalated with shales, dolomites, and limestones. Massive halite occurs in the upper part of the section. A basalt layer (early Early Jurassic in age) commonly exists within the evaporitic package. In the Jeanne d'Arc Basin, the thickness of the Upper TriassicLower Jurassic evaporites locally exceeds 2 km (Holser et al., 1988) . The Lower Jurassic evaporites appear to occur throughout the Jeanne d'Arc Basin.
The Upper Triassic evaporites occur within the southern Jeanne d'Arc Basin, but it is unknown whether they are present farther to the north.
The Cormorant structure is a broad anticline in the southern Jeanne d'Arc Basin (Figure 19a ). The deformation in the Lower-Middle Jurassic strata above the Triassic-Jurassic evaporites includes (1) the Cormorant fold, (2) detached, suprasalt normal faults near the footwall hinge of the fold, and (3) distal, detached, suprasalt normal faults near the southeastern edge of the salt basin. This suprasalt folding and faulting developed from the late Early Jurassic into the Middle Jurassic (Figure 19b, c) . Seismic data clearly show that west-dipping normal faults exist beneath the Cormorant structure below the Triassic-Jurassic evaporites. These subsalt faults are antithetic to the Murre boundary fault of the Jeanne d'Arc Basin. We propose that the Cormorant structure is, in part, an extensional forced fold that formed above the subsalt, antithetic normal faults. Salt movement associated with differential sedimentary loading also might have contributed to its development. It is likely that, during the Early-Middle Jurassic, geologic conditions favored the decoupling of the deep and shallow deformation. The Triassic-Jurassic evaporitic package was thick, and the cover sequence above the evaporitic package was thin. The subsalt, antithetic normal faults below the Cormorant structure probably had low displacement rates compared to the Murre fault, the main boundary fault of the Jeanne d'Arc Basin. The Flying Foam structure is a large, faulted anticline in the northern Jeanne d'Arc Basin ( Figure  20a ). The anticline affects the Jurassic and Lower Cretaceous strata above the Triassic-Jurassic evaporites. A major, basement-involved, east-dipping normal fault deforms the strata and basement below the Triassic-Jurassic evaporites. Enachescu (1987) interpreted the Flying Foam structure as an immature salt diapir, whereas Tankard et al. (1989) explained the structure as a fault-bend fold related to a ramp-flat geometry on the bounding fault of the northern Jeanne d'Arc Basin. Based on our modeling results and our study of the seismic data, we propose a third interpretation: the Flying Foam structure is an extensional forced fold above a subsalt normal fault. During Triassic-Jurassic rifting, the Mercury fault was the main boundary fault of the northern Jeanne d'Arc Basin (Figure 20c) . Deposition of the Late Triassic-Early Jurassic evaporites and the overlying Jurassic strata occurred to the east of this basement-involved normal fault. As rifting intensified during the Early Cretaceous, an east-dipping, basement-involved normal fault (possibly the northern continuation of the Murre fault) developed just to the east of the Mercury fault (Figure 20b ). The Triassic-Jurassic evaporites decoupled the shallow and deep deformation. In response, an extensional forced fold (i.e., the Flying Foam structure) formed in the Jurassic and Cretaceous strata above the subsalt normal fault. Also, a major, detached, suprasalt normal fault developed near the western boundary of the Jeanne d'Arc Basin at the depositional edge of the Triassic-Jurassic evaporitic package. As in our models, this detached, suprasalt normal fault developed at the edge of the viscous layer and accommodated most of the lengthening associated with the horizontal component of displacement on the subsalt normal fault. 
CONCLUSIONS
We have used scaled experimental models to systematically study the influence of five variables on the deformation patterns associated with extensional forced folding. Our work, together with the results of previous studies, shows that the presence of a viscous layer, such as salt, facilitates the development of extensional forced folds. Our work suggests that the geometry of the extensional forced fold and the secondary fault patterns that develop during folding strongly depend on the following variables:
(1) Salt thickness. With no salt layer, deformation in the cover sequence occurs directly above the master normal fault, and most secondary normal faults link with the master normal fault. With a salt layer, deformation in the cover sequence is more widely distributed. Typically, a broad monocline forms above the master normal fault, and detached, secondary normal faults form within the cover sequence. The fold is wider, and the secondary normal faults develop farther from the master normal fault with a thick salt layer than with a thin salt layer.
(2) Overburden thickness. Deformation in the cover sequence is more widely distributed with a thin overburden than with a thick overburden. The fold above the master normal fault is wider, and the secondar y normal faults in the cover sequence develop farther from the master normal fault.
(3) Cohesive strength and ductility of the overburden. Deformation in the cover sequence is more widely distributed with a more cohesive, more ductile overburden than with a less cohesive, less ductile overburden. The fold above the master normal fault is wider, and the secondary normal faults in the cover sequence develop farther from the master normal fault.
(4) Fault displacement. As the displacement on the master normal fault increases, the salt layer thins near the edge of the footwall block, and detached, secondary normal faults within the cover sequence are more likely to link with the master normal fault through the attenuated salt layer.
(5) Fault displacement rate or salt viscosity. Deformation in the cover sequence is more widely distributed with low values of fault displacement rate or salt viscosity than with high values of fault displacement rate or salt viscosity. The monocline above the master normal fault is wider, and the secondary normal faults develop farther from the master normal fault.
Our model-derived deformation patterns closely resemble those observed in the Gulf of Suez, the Haltenbanken area of offshore Norway, and the Jeanne d'Arc Basin of the Grand Banks, offshore southeastern Canada. These similarities suggest that the modeling results apply to many extensional forced folds and can provide guidelines for interpreting field, well, or seismic data in extensional provinces with salt.
APPENDIX Scaling: Deformation by Cataclastic Faulting
The strength of most upper crustal rocks increases with depth, obeying a Mohr-Coulomb criterion of failure (e.g., Byerlee, 1978) . According to this criterion, (1) where τ and σ n are, respectively, the shear and normal stresses on a potential fault surface, c is the cohesion, and f is the coefficient of internal friction. This empirical criterion of failure describes the initiation of new faults rather than the frictional reactivation of existing faults. For most sedimentary rocks, f ranges from about 0.55 to 0.85 (e.g., Handin, 1966; Byerlee, 1978) . For intact sedimentary rocks, c is about 10-20 MPa (Handin, 1966) , whereas for highly fractured sedimentary rocks, c is significantly less (e.g., Byerlee, 1978; Brace and Kohlstedt, 1980) . To ensure dynamic similarity between the models and natural prototypes, two conditions must be satisfied. First, the modeling materials and the rocks in nature must have similar coefficients of internal friction (e.g., Nalpas and Brun, 1993; Weijermars et al., 1993) . This condition is satisfied with either dry sand or wet clay as the modeling material. Second, (2) where c*, ρ*, g*, and l* are model-to-natural prototype ratios for cohesion, density, gravity, and length, respectively (e.g., Hubbert, 1937; Weijermars et al., 1993; Vendeville et al., 1995) . In our models, the values of ρ* and g* were about 0.7 and 1, respectively, and l* was 10 -4 to 10 -5 (i.e., 1 cm in the models equaled 100-1000 m in nature). Thus, to ensure dynamic similarity between the models and natural prototypes, the cohesion of rock must be about 10 4 to 10 5 greater than that of the modeling materials. This condition was satisfied with either dry sand or wet clay as the modeling material. The dry sand and wet clay simulated different types of rocks. The dry sand, with its negligible cohesion and ductility, represented weak rock that deformed primarily by localized cataclastic faulting. The wet clay, with its slightly greater cohesion and ductility, represented slightly stronger rock that deformed by both distributed cataclasis and localized cataclastic faulting.
Scaling: Deformation by Viscous Flow
To ensure dynamic similarity between the models and natural prototypes when strata deform by viscous flow,
where d r * and µ* are model-to-natural prototype ratios for displacement rate and viscosity, respectively (e.g., Hubbert, 1937; Weijermars et al., 1993; Vendeville et al., 1995) . Reformatting equation 3 yields, (4) where d rm is the displacement rate on the master normal faults in the models, µ m is the viscosity of the putty layer in the models, and P = d rn • µ n , the product of the displacement rate on the master normal fault in nature and the viscosity of the salt layer.
We used equation 4 to determine appropriate values for the displacement rate on the master normal fault in our models. As (Table 1) . The values of d rn and µ n and, consequently, P can vary considerably. Studies from the Rhine and Baikal rifts (e.g., Kukal, 1989) , the Newark basin of the eastern United States (Olsen et al., 1989 (Olsen et al., , 1996 , the Corsair fault of offshore Texas (e.g., Barrientos, 1989) , and several additional extensional basins (Nicol et al., 1997) suggest that long-term displacement rates on normal faults in nature (d rn ) range from about 10 -11 to 10 -8 cm/s (i.e., 10 -4 to 10 -1 cm/yr). Under most geologic conditions, pure rocksalt behaves as a Newtonian fluid whose viscosity depends on water content, grain size, and temperature (e.g., Urai et al., 1986; Nalpas and Brun, 1993; Weijermars et al., 1993; Vendeville et al., 1995) . Depending on geologic conditions and material properties, the viscosity of a pure rocksalt layer (µ n ) ranges from less than 10 16 to more than 10 19 Pa s. Many salt layers are composed of rocksalt interbedded with carbonate, clastic, or other evaporitic sedimentary rocks (e.g., Jordan and Nüesch, 1989; Jackson et al., 1990) . Under similar conditions, the effective viscosity of an impure salt layer probably exceeds that of a pure salt layer. Thus, available information on fault displacement rates in nature and viscosities of salt layers indicates that P = d rn • µ n can range from about 10 5 to 10 12 Pa cm. Using the above values for ρ*, g*, µ m , l*, and P in equation 4, the displacement rate on the master normal fault in the models could range from 10 -10 to 10 -1 cm/s. In our models, the displacement rate varied from about 8.2 × 10 -6 to 3.9 × 10 -4 cm/s (Table 1) . Models with low displacement rates simulated natural conditions where the value of P was low (i.e., the fault displacement rates in nature were low or the evaporitic layer had a low viscosity). Models with high displacement rates simulated natural conditions where the value of P was high (i.e., the fault displacement rates in nature were high or the evaporitic layer had a high viscosity). Each model with its specified displacement rate represented a suite of natural conditions where P had the same value.
Restoration Methodology
We produced restorations for models 7, 8, 9, and 12 using the following methodology: First, we created cross sections based on the final structural configuration of the models. These final cross sections were compartmentalized into blocks bounded by faults or with constant bedding dip. We selected a displacement value for the master normal fault and identified the growth bed associated with that displacement value. The cross sectional blocks were rotated and translated until the growth bed became flat. We used the deformation patterns observed on the surface of the models, the known geometry of the fault blocks beneath the putty layer, and the assumption that the cross sectional areas of the overburden and putty remained constant during deformation to further constrain the geometries of the restored cross sections.
We used a similar methodology to produce the restorations for the Cormorant and Flying Foam structures of the Jeanne d'Arc Basin. We created regional cross sections based on seismic profiles displayed with approximately no vertical exaggeration. These cross sections were compartmentalized into blocks bounded by faults or with constant bedding dip. We rotated and translated the cross sectional blocks until the restored horizons became flat. We also assumed that the cross-sectional area of the suprasalt section remained constant during deformation. We emphasize that these restorations are approximations (i.e., we did not convert the seismic profiles to depth, and we did not decompact the sedimentary section).
